ABSTRACT: ATP-binding cassette transporters drive the transport of substrates across the membrane by the hydrolysis of ATP. They typically have a conserved domain structure with two membrane-spanning domains that form the transport channel and two cytosolic nucleotide-binding domains (NBDs) that energize the transport reaction. Binding of ATP to the NBD monomer results in formation of a NBD dimer. Hydrolysis of the ATP drives the dissociation of the dimer. The thermodynamics of distinct steps in the ATPase cycle of GlcV, the NBD of the glucose ABC transporter of the extreme thermoacidophile Sulfolobus solfataricus, were studied by isothermal titration calorimetry using the wild-type protein and two mutants, which are arrested at different steps in the ATP hydrolytic cycle. The G144A mutant is unable to dimerize, while the E166A mutant is defective in dimer dissociation. The ATP, ADP, and AMP-PNP binding affinities, stoichiometries, and enthalpies of binding were determined at different temperatures. From these data, the thermodynamic parameters of nucleotide binding, NBD dimerization, and ATP hydrolysis were calculated. The data demonstrate that the ATP hydrolysis cycle of isolated NBDs consists of consecutive steps where only the final step of ADP release is energetically unfavorable.
ATP-binding cassette (ABC) 1 transporters represent one of the largest superfamilies of primary transporters (1) . They are found in all phyla of life and are responsible for many physiological processes ranging from solute uptake to multidrug resistance. ABC transporters have a conserved domain structure and consist of two membrane-spanning domains (MSDs) that form the transport pathway and two cytosolic nucleotide-binding domains (NBDs) that energize the transport via the hydrolysis of ATP. The amino acid sequences of the MSDs are dimers, while the NBDs are highly conserved with amino acid sequence motifs that are involved in the binding of nucleotides.
Several structures of full-length ABC transporters and of many isolated NBDs have been determined. The structures of the NBDs are highly conserved (for reviews, see refs 2-5) . The NBD monomer forms an L-shaped molecule with two domains. Lobe I includes the ATP-binding core domain with the Walker A and B motifs. This domain contains central -sheets which are flanked by R-helices. Residues of the Walker A motif interact with the phosphates of ATP and ADP, while an aspartate of the Walker B motif coordinates the magnesium ion. The glutamate immediately following this aspartate most likely coordinates the water molecule that attacks the γ-phosphate and thus may function as a catalytic base. Recently, it was suggested that this glutamate functions in a catalytic dyad together with the conserved histidine in the H-loop (6) . The characteristic ABC signature motif is located in the second domain, which is called lobe II, and is far from the nucleotide that is bound to lobe I. In the presence of ATP, two monomers form a dimer in which the monomers are oriented in a head-to-tail configuration with two ATP molecules bound at the subunit interface. These are sandwiched between the Walker A and B motifs from one monomer and the C-loop of the other that complements the nucleotide-binding site (6) (7) (8) (9) (10) . Analysis of the structures of various NBDs in the ADP-bound and free states reveals only minor structural differences, while when ATP binds, a large rigid body movement of lobe I toward lobe II occurs. This rigid body movement aligns the monomers in such a manner that the dimer can be formed as a kind of "induced fit". ATP, and in particular the γ-phosphate, occupies a significant part of the dimer interface, and many residues of the NBDs contact the bound nucleotide rather than residues of the opposite dimer. In this way, ATP stabilizes the dimeric state (8) , while hydrolysis of ATP results in the loss of many of the dimer-stabilizing interactions. Next to the monomeric and dimeric states, a slightly opened nucleotide-free state was observed for Escherichia coli MalK (10) . In this state, the dimer is maintained through contacts between the C-terminal regulatory domains, which is an extra domain found in several NBDs like in Sulfolobus solfataricus GlcV (see below). Addition of Mg 2+ to the ATP-bound dimer resulted in an opened posthydrolytic ADP-Mg 2+ -bound state which showed that ADP-Mg 2+ is unable to stabilize the closed dimer (11) . Thus, the closed dimer was observed only in the presence of ATP and never in the presence of ADP or AMP-PNP.
How ATP hydrolysis occurs in detail is currently a matter of debate. Several different models have been proposed, e.g., the "alternating catalytic site" and the "processive clamp" model. The alternating site model (12) is based on transition state mutants of E. coli MalFGK 2 (13) and P-gp (14) transporters where one single nucleotide binds to the NBDs. This model suggests that ATP hydrolysis occurs in the first catalytic site, followed by opening of this domain while the second catalytic site remains closed. Additional ATP binding then induces closure of the first site and leads to ATP hydrolysis in the second site. Thus, hydrolysis would take place without complete dissociation of the dimer. The processive clamp or "ATP switch" models (3, 15, 16) are based on biochemical and structural data obtained with isolated NBDs that showed that two ATP molecules are bound in the dimeric state and on kinetic data that showed that association and dissociation of the dimer are important steps in the ATP hydrolysis cycle (17) . These data suggest that ATP molecules bind to the two monomers, resulting in the formation of the dimer, whereupon the hydrolysis of both ATP molecules subsequently results in dissociation of the dimer (5) .
The intimate features of the ATP hydrolytic cycle and how this process is coupled to the transport mechanism remain to be elucidated. A thermodynamic analysis of nucleotide binding and hydrolysis can provide detailed information about the energetics of nucleotide binding and the conformational changes that are associated with nucleotide binding and hydrolysis and with dimerization of the NBDs. Recently, the thermodynamics of the transition state of the ATP hydrolysis cycle of Pgp was studied by determining the ATP hydrolysis rate as a function of the temperature and application of the Arrhenius and Eyring equations (18) . This study demonstrated two different transition states in the presence and absence of substrates. The approach that was used, however, allowed the determination of the thermodynamics of only the rate-limiting step. Here we set out to study the thermodynamics of different steps in the ATP hydrolysis cycle. Such studies are typically conducted by isothermal titration calorimetry (ITC). ITC experiments are facilitated by the use of thermostable proteins that allow the determination of the change in heat capacity (∆C p ) of a ligand binding event over a wide range of temperatures. To analyze the thermodynamics of the ATP hydrolytic cycle of an isolated NBD, we have employed the NBD of the glucose ABC transporter of the extreme thermoacidophile S. solfataricus (19) . This transporter consists of five proteins: the heterodimeric MSDs (GlcT and GlcU), two copies of the NBD (GlcV) forming a homodimer, and the glucose binding protein (GlcS). GlcV has been crystallized in a monomeric form in the nucleotide-free, ADP-Mg 2+ -bound, and AMP-PNP-Mg 2+ -bound states (20) . The structure of GlcV exhibits a fold similar to those of other NBDs, but it contains an additional C-terminal domain that is connected to the NBD via a linker region. The function of this C-terminal domain is unknown, but its sequence is 28% identical to that of the regulatory domain of MalK that is responsible for the binding of MalT, the positive regulator of the mal operon (21) . In both structures, the C-terminal domain has a similar -barrel structure. The MalK structure contains an additional connecting R-helix (22) , while in GlcV, it contains only a loop region between 13 and 14 (20) . The isolated GlcV and mutants have been characterized biochemically (23) . The ATPase activity of wild-type GlcV is too high to allow the detection of a dimer in solution. Mutation of the conserved glutamate downstream of the Walker B motif of GlcV (E166Q) resulted in a strongly reduced ATPase activity, and this allowed demonstration of ATP-dependent dimerization of GlcV (23) . Substitution of the glutamate for alanine resulted in a GlcV mutant that is inactive for ATP hydrolysis and that required both ATP and Mg 2+ for dimer formation. Finally, mutation of the second glycine (G144A) in the C-loop motif also resulted in an inactive protein, but this mutant also failed to dimerize. This indicated an essential role of this residue in the stabilization of the productive dimeric state.
To study the thermodynamics of binding of nucleotides to GlcV, we have employed the wild-type (wt) protein which is highly active in ATP hydrolysis and two of the mutants that still bind nucleotide but that are inactive in ATP hydrolysis and arrested at different intermediate stages in the catalytic cycle. The use of these three proteins allowed the determination of kinetic and thermodynamic parameters of nucleotide binding at the different steps of the ATP hydrolytic cycle.
MATERIALS AND METHODS
Expression and Purification. S. solfataricus wt GlcV and the E166A and G144A mutant were expressed in E. coli and purified as described previously (20, 23, 24) .
Size-Exclusion Chromatography. Size-exclusion chromatography was used to analyze the oligomeric state of wt and mutant GlcV proteins. GlcV (30 µM) was incubated for 5 min at 20°C in 20 mM MES (pH 6.5), 100 mM NaCl, and 5 mM MgCl 2 or 2 mM EDTA in the presence of different concentrations of ATP. Samples were applied to a Superdex 200 size-exclusion column (PC 3.2/30; bed volume of 2.4 mL) mounted on a SMART system (Amersham Biosciences) equilibrated with the same buffer containing an equal concentration of ATP at 20°C and at a flow rate of 75 µL/ min. The molecular mass was determined using molecular mass standards: ribonuclease A (14 kDa), chymotrypsinogen A (25 kDa), ovalbumin (44 kDa), albumin (67 kDa), and γ-globulin (158 kDa).
ATP Binding and Hydrolysis Assay. ATP binding was assessed by means of 8-azido-ATP photolabeling. GlcV (10 nM) was added to a premixed solution of 15 nM 8-azido-[γ-32 P]ATP in the presence of increasing concentrations (from 0 to 2 µM) of ATP in binding buffer [20 mM MES (pH 6.5), 100 mM NaCl, and 5 mM MgCl 2 ]. After being incubated for 5 min on ice, samples were irradiated by UV (254 nm) for 2 min, directly resuspended in SDS loading buffer, and separated by 12% SDS-PAGE. Gels were dried and quantified by phosphorimaging. ATP hydrolysis was assessed using radiolabeled [γ-32 P]ATP (10 mCi, 3000 Ci/ mmol). wt and mutant GlcV (30 µM) were incubated at different temperatures with 3 µM or 5 mM [γ-32 P]ATP in 50 µL of 50 mM MES (pH 6.5) and 100 mM NaCl, in the presence of 5 mM MgCl 2 or 2 mM EDTA. The reaction was stopped after 0-10 min by the addition of 950 µL of 10% (w/v) charcoal in 10 mM EDTA. Solutions were mixed and incubated for 3 h to allow ATP to bind to the charcoal. The mixture was then centrifuged for 15 min at 14000g, and the radioactivity in the supernatant was measured by liquid scintillation counting. To assess nonspecific ATP binding, control experiments were performed under identical conditions in the absence of GlcV. Blank values were subtracted from the total counts, and the total extent of hydrolysis was calculated.
Dynamic Light Scattering. Dynamic light scattering experiments were performed with a Dynapro 801 device. Before use, GlcV and nucleotide solutions were filtered and concentrations in the filtrate were determined spectrophotometrically. Before injection, 30 µM E166A or G144A GlcV protein was incubated for 5, 15, and 30 min in 20 mM MES (pH 6.5), 100 mM NaCl, and 5 mM MgCl 2 or 2 mM EDTA at 20°C in the absence and presence of different ATP concentrations. After the samples had been injected into the measuring chamber, the diffusion coefficient and the apparent molecular mass were determined from the light scattering using Dynamics version 5.26.37 (Protein Solution Inc.). Translational diffusion coefficients of monomeric and dimeric GlcV were predicted using HYDROPRO version 5.a (25) .
Isothermal Titration Calorimetry (ITC). Binding of nucleotides to GlcV was analyzed using a Microcal MCS titration calorimeter (Microcal). Stock solutions (100 mM) of the nucleotides (ATP, ADP, or AMP-PNP) were prepared, adjusted to pH 6.5 with NaOH, and diluted in dialysis buffer. Purified wt GlcV and the G144A and E166A mutants were dialyzed against 20 mM MES (pH 6.5), 100 mM NaCl, and 5 mM MgCl 2 , or when indicated against 20 mM MES (pH 6.5), 100 mM NaCl, and 2 mM EDTA. Before use, all solutions were degassed by being gently stirred under vacuum. ITC experiments were performed by injecting nucleotide into the sample cell containing the purified GlcV proteins. The instrument and the equations used to fit the calorimetric data have been described in detail previously (26) . In a typical experiment, the 2.1 mL sample cell was filled with a 30 µM protein solution. Typically, 20 injections (10.6 s duration) of 5 µL of a 600 µM nucleotide solution were made at 180 s intervals from a 100 µL syringe rotating at 400 rpm. At 20 and 30°C, injection intervals were increased to 600 s for the G144A and E166A mutants. Control experiments to determine the dilution effects of the nucleotides were performed under identical conditions with the sample cell filled with buffer only.
Miscellaneous Methods. Protein and nucleotide concentrations were determined spectrophotometrically at 280 and 260 nm using extinction coefficients of 20 000 and 14 900 M -1 cm -1 , respectively. The spectroscopic analysis of protein was confirmed by determination of the total amino acid content (Eurosequence).
RESULTS

Stabilization of the GlcV Dimer.
To analyze the thermodynamics of the ATPase cycle of GlcV, the NBD of the glucose transporter of S. solfataricus, we used mutants that are arrested at different stages of the catalytic cycle. The G144A and E166A mutants, which carry mutations in the C-loop and in the residue directly after the aspartate of the Walker B binding motif, have strongly reduced ATPase activity (23) . In the presence of ATP, the E166A mutant of GlcV exhibited ATP-dependent dimerization as shown by size-exclusion chromatography, whereas wt GlcV and the G144A mutant eluted as monomers (23) . This dimerization, however, is observed only when ATP is present in the elution buffer, suggesting that the E166A dimer is in a dynamic equilibrium with the monomer and readily dissociates on the size-exclusion column. Therefore, we searched for conditions that yielded a more stable E166A dimer. Remarkably, in the absence of glycerol in the elution buffer, the E166A mutant eluted as a dimer even under conditions where ATP was present in substoichiometric amounts ( Figure 1A ). In the absence of ATP, or at very low ATP concentrations, GlcV eluted as a monomer. Analysis of the absorption at 260 nm showed that ATP from the running buffer remained bound to GlcV (data not shown). Since the NBD elutes faster from the column than the nucleotide, it will constantly encounter and bind fresh nucleotides. Apparently, the nucleotides remain bound to the NBD. This suggests a high binding affinity for nucleotides and explains why substoichiometric ATP concentrations already sufficed to stabilize the dimeric form. This also explains the small shift in the elution volume of the dimeric species at lower ATP concentrations, since some of the dimer is formed only after injection on the column. Remarkably, in the absence of glycerol and Mg 2+ but in the presence of EDTA, similar results were obtained (data not shown). This shows that even in the absence of Mg 2+ , the GlcV E166A ATP-bound dimer is stable in a buffer without glycerol.
To determine the extent of dimerization and the ATP dependence under steady state conditions, the translational diffusion coefficient of the E166A mutant was determined by dynamic light scattering (DLS). DLS experiments in the absence of ATP resulted in a diffusion coefficient of 646 × 10 -9 cm 2 /s ( Figure 1B ). The observed translational diffusion coefficient decreased with ATP concentration but remained stable (565 × 10 -9 cm 2 /s) when ATP was present in greater than stoichiometric amounts relative to the GlcV monomer ( Figure 1B) . A further increase in the ATP concentration was without effect, suggesting that the NBD dimer contains two nucleotides. As observed in the gel filtration experiments, the E166A mutant stably dimerizes in an ATP-dependent manner both in the presence and in the absence of Mg 2+ ( Figure 1B ). On the other hand, the G144A mutant showed a translational diffusion coefficient of 644 × 10 -9 cm 2 /s and remained unaffected by the ATP concentration, confirming the previous findings that this mutant remains monomeric in the presence of ATP (23) . The maximal (∼645 × 10 -9 cm 2 /s) and minimal (∼570 × 10 -9 cm 2 /s) translational diffusion coefficients corresponded to globular proteins of 54 and 73 kDa, respectively. Monomeric GlcV is an elongated protein with a molecular mass of 39.1 kDa, while the proposed dimeric GlcV has a more spherical shape. When HYDROPRO (25) was used to predict translational diffusion coefficients based on the crystal structures of GlcV, values of 683 × 10 -9 and 578 × 10 -9 cm 2 /s were obtained for the monomeric and dimeric protein, respectively. These numbers fit well with the observed data showing that the E166A mutant stably dimerizes both in the presence and in the absence of EDTA in a buffer that is devoid of glycerol. Neither for wt GlcV nor for the mutants was dimerization observed in the presence of ADP or AMP-PNP (data not shown).
ATPase ActiVities of Wild-Type and Mutant GlcV Proteins. wt GlcV has an optimal ATPase activity at pH 6.5 and 80°C (M. G. Pretz et al., manuscript in preparation), while no ATPase activity could be detected for the G144A and E166A mutants using the malachite green ATPase assay (24) . Using a sensitive method based on radiolabeled [γ-32 P]ATP, the E166A mutant exhibited ∼1% of the activity of wt GlcV in the presence of 5 mM ATP, while no ATPase activity was detectable with the G144A mutant ( Figure 2A) . The thermodynamics of the transition state of a reaction can be determined by measuring the reaction rate as a function of temperature and application of the Eyring equation. The determination of the activation entropy (-T∆S q ), which is derived from the y-intercept of the Eyring plot, is for mesophilic enzymes rather inaccurate since the rates can often be determined only over a small temperature range of 15-20°C. We were, however, able to determine the ATP hydrolysis rate of GlcV over a range of 60°C. Analysis of the temperature dependence of the ATPase activity ( Figure  2B ) yielded rather similar activation enthalpies (∆H q ) for ATP hydrolysis of 10.3 and 9.2 kcal/mol for the wt and E166A mutant, respectively. Larger differences were, how- ever, observed between the wt and E166A mutant for the free activation enthalpy (∆G q ), 14.9 and 18.0 kcal/mol, respectively, and the free activation entropy (-T∆S q ), 4.6 and 8.8 kcal/mol, respectively. Thus, while the enthalpy change to reach the transition state is approximately similar for the wt and the E166A mutant, the lower reaction rate of the E166A mutant is a result of the more positive -T∆S q of its transition state. This suggests that the transition state of the E166A mutant has a more ordered or more rigid structure than the transition state of the wt protein.
Next to the thermodynamics of the transition state, we also set out to determine the thermodynamics of different steps in the ATP hydrolysis cycle. Since even a small remaining ATPase activity can influence the analysis of the ITC measurements, the ATPase activities of wt and mutant GlcV proteins were determined under conditions that are used in the ITC experiments, i.e., 30 µM GlcV and 3 µM ATP per injection. Under those conditions, the concentration of ATP during a single injection is 10-fold lower than the protein concentration and all ATP was hydrolyzed within the first minute in the presence of wt GlcV. Even after 20 consecutive injections, ATP was hydrolyzed within 1 min by wt GlcV (data not shown). Therefore, accumulation of ADP does not noticeably inhibit the ATPase activity of wt GlcV under the conditions of the ITC experiments. The E166A mutant exhibited still significant ATPase activity under these conditions [50% hydrolyzed after an injection for 3 min at 60°C ( Figure 2C) ], while the activity of the G144A mutant was negligible (<3% hydrolyzed after an injection for 3 min at 60°C) (data not shown). Remarkably, the E166A mutant hydrolyzed only part of the ATP after consecutive injections with ATP. The ITC profile of the E166A mutant in the presence of Mg 2+ therefore will reflect nucleotide binding, dimerization, and partial hydrolysis. In the absence of Mg 2+ , the E166A mutant was inactive for ATP hydrolysis ( Figure  2C ), although the protein still dimerizes under these conditions. Thus, ATP binding experiments with the E166A mutant in the absence of Mg 2+ will yield an ITC profile that reflects only nucleotide binding and the conformational changes that result in dimerization.
To determine if the G144A mutant still binds ATP, 8-azido-ATP photolabeling experiments were conducted. wt, G144A, and E166A GlcV could be photolabeled with 8-azido[γ-32 P]ATP, while the labeling was specifically challenged by an excess of unlabeled ATP ( Figure 3A) . At 20°C, the three proteins exhibited binding affinities in the nanomolar range, with the E166A mutant binding with a slightly higher affinity. Due to the high affinity, small amounts of protein and 8-azido-ATP were used in the experiments, and therefore, it was difficult to reduce the error in the experiment and to obtain an accurate estimation of the affinity (data not shown). Although the G144A mutant is unable to hydrolyze ATP or to dimerize, the experiment clearly shows that this mutant still binds ATP with high affinity. Indeed, in the monomeric NBD structures, this residue is not part of the ATP-binding site. Therefore, ATP binding experiments with the G144A mutant both in the absence and in the presence of Mg 2+ will yield an ITC profile that only reflects nucleotide binding without dimerization. We therefore conclude that the three proteins (wt, G144A, and E166A) reflect different intermediates of the ATP hydrolytic cycle of GlcV.
Thermodynamics of Binding of a Nucleotide to Wild-Type and Mutant GlcV Proteins.
The thermodynamics of binding of a nucleotide to GlcV was investigated by ITC. This method directly measures the heat of the reaction (enthalpy, ∆H), the stoichiometry of substrate binding (n), and the binding affinity of the substrate (K a ). From these values, the Gibbs free energy of association (∆G ) -RT ln K a ) and the entropy (T∆S ) ∆H -∆G) can be calculated. Furthermore, on the basis of the dependence of the enthalpy on the temperature, changes in the heat capacity (∆C p ) ∆H/∆T) can be determined. ITC profiles for the different nucleotides were recorded at various temperatures. Above 60°C, the ITC profiles became noisy while the binding affinity of AMP-PNP and ATP in the absence of Mg 2+ became too low to be determined accurately. Therefore, the experiments were performed at 20, 30, 40, 50, and 60°C. First, the thermodynamics of binding of ADP and AMP-PNP to the wt and mutant GlcV proteins in the presence of Mg 2+ were determined. Figures 4 and 5 show typical ITC titration curves for the binding of ADP at 60°C ( Figure 4A ) and of AMP-PNP at 40°C ( Figure 5A ). In Figures 4B and 5B, the calculated values for ∆G, ∆H, and -T∆S for the binding of ADP and AMP-PNP to wt and mutant GlcV proteins are shown for the temperature range of 20-60°C. Table 1 summarizes the thermodynamic parameters, nucleotide binding affinities, and stoichiometries that were calculated from the ITC experiments. As expected, ADP and AMP-PNP binding occurs with a stoichiometry of ∼1 (Table 1) . Compared to that for ADP, the affinity for AMP-PNP was reduced 100-fold. The K d values for binding of ADP and AMP-PNP to the various GlcV proteins were essentially indistinguishable, except for the E166A mutant that showed a reduced binding affinity for ADP. The affinities decreased with an increase in temperature and reached lower micromolar values at the optimal growth temperature (80°C) of S. solfataricus, which is within the same range as binding affinities observed for other NBDs of ABC transporters (15, (27) (28) (29) . The ∆G, ∆H, and -T∆S values for AMP-PNP binding were much smaller than those observed for ADP. For ADP, the binding reaction was associated with a large negative ∆H and opposed by a positive -T∆S. The ∆H for ADP binding exhibited distinct temperature dependence, whereas the ∆H for AMP-PNP binding was much smaller and temperature-independent ( Figures 4B and 5B ). The K -1 for G144A, and -115 cal mol -1 K -1 for E166A. These values are relatively small but suggest that upon binding of ADP the protein becomes more compact and exposes a reduced protein surface area to the aqueous solvent, whereas in the AMP-PNP-bound state, no changes in solvent accessible area occur (see Discussion).
In contrast to ADP and AMP-PNP binding, large differences are expected for the ITC diagrams of the binding of ATP to wt and mutant GlcV proteins. Since each titration of the E166A mutant with ATP will include not only ATP binding but also ATP hydrolysis and NBD dimerization, such titrations are difficult to analyze and are therefore not further described here. Figure 6A shows typical ATP titration curves for wt GlcV and the G144A mutant at 60°C in the presence of Mg 2+ . The nucleotide binding stoichiometry was close to 1 for both proteins (see Table 2 ). Remarkably, when the ITC diagrams of wt GlcV and the G144A mutant were compared, a constant enthalpic component (compared to G144A) was observed for wt GlcV for every injection. This constant enthalpic contribution remained after saturation of the proteins with nucleotide and subtraction of the nucleotide dilution effect ( Figure 6A ). When the ITC data of wt GlcV were corrected for the ATP dilution effect and for the observed constant enthalpic contribution (∆H constant ), values for ∆H, ∆G, and -T∆S of the remaining curve were calculated (see Table 2 ). The obtained values at the different temperatures were remarkably similar to those observed for binding of ADP to wt GlcV and exhibit a dependence similar to that of ADP binding, which indicates that the titration curves of wt GlcV with ATP consist of the sum of a constant component (∆H constant in Table 2 ) and a component attributable to ADP binding (∆H binding in Table 2 ). Because no signal was observed for the G144A protein after substraction of the ATP dilution effect at higher ATP:NBS stoichiometries and because no ATP hydrolysis occurs with this mutant, we can attribute the constant component observed with wt GlcV under these conditions to ATP hydrolysis. Since G144 is not located in the binding site of the monomeric NBD, we propose that the ITC profile of binding of Mg 2+ -ATP to the G144A mutant corresponds to the ATP binding reaction to monomeric GlcV.
Thermodynamics of Nucleotide-Induced Dimerization of GlcV. To determine the thermodynamics of dimerization of GlcV, ITC curves for binding of ATP to the G144A and E166A mutants in the presence of EDTA were determined. Under these conditions, no hydrolysis of ATP takes place (Figure 2A) , whereas the E166A mutant forms a stable dimer ( Figure 1B) . Figure 7A shows a typical ATP titration curve for G144A and E166A GlcV at 40°C, and Figure 7B shows the ∆G, ∆H, and -T∆S values as a function of the temperature. Both the ∆H values and ATP binding affinities (Table 3) were lower in the absence of Mg 2+ and more similar to those observed for AMP-PNP binding. This demonstrates that Mg 2+ has a large effect on both the affinity . Remarkably, both the G144A and E166A mutants gave binding stoichiometries of ∼1. Since in E166A, the dimer is formed, this further demonstrates that the E166A dimer contains two nucleotides. Since the G144A and E166A mutants behaved very similarly in binding of ADP and AMP-PNP, and since both mutants were unable to hydrolyze ATP in the absence of Mg 2+ , we conclude that the difference between the two mutants is caused by the dimerization reaction. Therefore, the ∆H and -T∆S of dimerization can be calculated from the difference in ∆G, ∆H, and -T∆S between the G144A and E166A mutants. The ∆G, ∆H, and -T∆S of dimerization changed with temperature, ranging from -1, -5.6, and 4.6 kcal/mol of dimer formed at 20°C to -3, 11.6, and -14.6 kcal/mol of dimer formed at 60°C, respectively. We therefore conclude that dimerization of the E166A mutant at the lower temperatures is driven by enthalpic contributions, while at higher temperatures, the entropic contributions dominate. The latter is most likely due to the exclusion of water molecules from the protein surface that is involved in dimer formation. 
DISCUSSION
In the past decade, the mechanism of ATP-dependent transport by ABC transporters has been studied extensively using genetic, biochemical, and structural approaches (2-5, 30-32) . Crystal structures and biochemical data have deepened our understanding of these processes, although the exact mechanism of the coupling between transport and ATP hydrolysis remains a topic of debate. Thermodynamic studies can provide detailed insights into the coupling mechanism and in particular into the conformational changes that are associated with nucleotide binding and hydrolysis. GlcV is the NBD of the glucose ABC transporter of the hyperthermoacidophile S. solfataricus. It has been characterized both biochemically and structurally (19, 20, 23, 24) . GlcV, the ATPase subunit of the glucose transporter, is highly thermostable over a wide range of temperatures and therefore an excellent candidate for thermodynamic studies. The ATPase cycle of the NBD is believed to involve several distinct steps, namely, ATP binding, NBD dimerization, ATP hydrolysis, and subsequent dissociation of the dimer and release of the bound ADP. Here we have used mutants of GlcV that are arrested at specific steps in this cycle. The wild-type GlcV protein immediately hydrolyzes the ATP to ADP. Therefore, the nonhydrolyzable ATP analogue AMP-PNP, which is often suggested to mimic ATP binding, was used. It should be noted that AMP-PNP was shown not to induce dimerization (16) and therefore does not completely mimic ATP binding. Our data show that a mutant of GlcV, G144A, still binds ATP with high affinity but that it is unable to hydrolyze ATP. This mutant no longer dimerizes ( Figure  1B ) and thus represents an intermediate in which binding of a nucleotide to the monomeric NBD can be analyzed in a manner independent of the dimerization step. Furthermore, also a mutant was used that still dimerizes but that is unable to hydrolyze ATP. The E166A mutant was previously described as a mutant which shows a Mg 2+ -and ATPdependent dimerization with a strongly reduced ATPase activity (23) . However, the protein could only be trapped in a dimeric form at a high ATP concentration as evidenced by size-exclusion chromatography, suggesting that the dimer is unstable on the column (23) . Remarkably, the presence of glycerol destabilized the dimeric species. We now report that this mutant forms stable dimers at low ATP concentrations in the absence of glycerol and Mg 2+ . Indeed, it was previously shown that the ATP hydrolysis of several NBDs, e.g., HisP (33) and Mdl1 (C. van der Does and R. Tampé, unpublished data), is inhibited by glycerol. Moreover, studies on protein and solvent dynamics suggest that compounds such as glycerol can control the solvent dynamics of proteins and affect their activity by forming rigid structures that increase the energy barriers for conformational fluctuations of proteins (34) . We also noticed that the E166A mutant is not completely arrested in ATP hydrolysis, but that its activity is decreased 100-fold as compared to that of wt GlcV.
Analysis of the activation enthalpies (∆H q ) for ATP hydrolysis by the wt and E166A mutant showed rather similar activation enthalpies. Larger differences were observed for the free activation enthalpy, and the free activation entropy indicated that the enthalpy change to reach the transition state is approximately similar for the wt and E166A mutant; however, the lower reaction rate of the E166A mutant is a result of the more positive -T∆S q of its transition state. This suggests that the transition state of the E166A mutant has a more ordered or more rigid structure than the transition state of the wt protein. Since the ATPase activity complicates the analysis of the ITC experiments, we sought conditions that result in a complete block of the ATPase activity without affecting ATP-dependent dimerization. In the absence of Mg 2+ , the ATPase activity of this mutant is negligible ( Figure  2C ) while the protein still forms stable dimers ( Figure 1B ). With these optimized conditions, the wt and the two mutant proteins enabled us to determine thermodynamic parameters of different steps of the ATP hydrolysis cycle.
As expected, the ITC data demonstrate that the nucleotides bind to GlcV and the two mutants in a nearly stoichiometric fashion. This implies that the monomer binds a single ATP molecule and that 90% or more of the isolated and purified protein is active in ATP binding. ATP and ADP bind with a comparable high affinity, while AMP-PNP binds with a 100-fold reduced affinity. Likewise, in the absence of Mg 2+ , ATP also was found to bind with a reduced affinity (see K d values in Tables 2 and 3 (Figure 4 ). In the Mg 2+ -ADP GlcV structure, the nucleotide has several contacts with the Mg 2+ ion. Mg 2+ stabilizes the binding of the nucleotide, resulting in a large change in enthalpy, which compensates the decrease in entropy upon Mg 2+ binding (see Table 3 ). Compared to the Mg 2+ -ADP structure, the Mg 2+ -AMP-PNP structure shows several extra hydrogen bonds with the γ-phosphate and the nitrogen between the -and γ-phosphates, but also changes in the coordination of the Mg 2+ (20) . On the basis of the crystal structures of GlcV, the lack of or improper coordination of Mg 2+ results in a reduced binding affinity of ATP in the absence of Mg 2+ or Mg 2+ -AMP-PNP. In our experiment, we also observed that the nucleotide binding affinity strongly decreases with temperature. At temperatures close to the growth temperature of S. solfataricus, the nucleotide binding affinity of GlcV is comparable to what has been observed for the NBDs of other ABC transporters, i.e., values in the micromolar range (15, 27, 28, 33) . However, at low temperatures, the nucleotides bind with nanomolar affinity.
The measured values of ∆H, ∆G, and -T∆S for ADP and AMP-PNP binding and their temperature dependence were similar for wt GlcV and the G144A mutant, indicating that this mutation does not influence nucleotide binding. Indeed, glycine 144 is not localized in the nucleotide-binding site of the monomer. Comparison with the dimeric structures shows, however, that in the dimer this residue contacts the γ-phosphate of the nucleotide bound to the opposite dimer (6, (8) (9) (10) . This contact seems important for dimer formation, and the complete lack of ATPase activity ( Figure 2A) upon mutagenesis of this residue shows the importance of dimer formation for ATP hydrolysis. The E166A mutant exhibited a slightly reduced nucleotide binding affinity. Although glutamate 166 does not directly contact the nucleotide, in the HlyB structure, it coordinates a water molecule, which coordinates the γ-phosphate and a water molecule, which forms the octrahedral coordination sphere of Mg 2+ (6) . This contact thus likely contributes to the stability of the bound nucleotide. Indeed, the presence of Mg 2+ had a strong effect on binding of nucleotides. Binding of the nucleotides was driven with a large negative ∆H and opposed by a positive -T∆S. While the binding enthalpy for Mg 2+ -ATP and Mg 2+ -AMP-PNP of the G144A mutant was temperature-independent, Mg 2+ -ADP binding exhibited a strong temperature dependence. The ∆C p for binding of Mg 2+ -ADP to the wt, G144A, and E166A GlcV proteins was -167.5, -115.4, and -94.5 cal mol -1 K -1 , respectively. In ligand binding experiments, a strong correlation exists between ∆C p and the buried surface area (35, 36) . A large negative ∆C p suggests a reduced level of exposure of the protein surface area to aqueous solvent (37) . Analysis of the nucleotidebound and free states of crystal structures of various NBDs indicated only minor structural changes between the ADPbound and nucleotide-free state. However, when ATP binds, a large rigid body movement occurs. Remarkably, in the crystal structure of GlcV, conformational differences were found between the nucleotide-free and the more rigid Mg 2+ -AMP-PNP-and Mg 2+ -ADP-bound states, whereas the comparison between the Mg 2+ -AMP-PNP and Mg 2+ -ADP structures showed only minor differences (20) . Compared to the changes in ∆C p found for other protein-ligand interactions, e.g., -780 cal mol -1 K -1 for Bacillus subtilis SecA (38) and -330 kcal mol -1 K -1 for native myosin (39) , the ∆C p value observed when ADP binds to GlcV is relatively small. This supports the notion that either the changes in solvent accessibility upon nucleotide binding are small or the increase in solvent accessible area in one area is compensated by a decrease in solvent accessible area in another region.
Vanadate trapping experiments with several complete transporters, like P-glycoprotein (P-gp) (12, 40) and the maltose transporter of E. coli MalFGK 2 (13) , indicated the presence of only one nucleotide in the NBD dimer and led to the alternating site (12) model for ATP hydrolysis. Our DLS and ITC experiments indicate, however, that the dimer contains two nucleotides, confirming previous structural information about NBD dimers (6, (8) (9) (10) . Moreover, previous size-exclusion experiments with E166Q GlcV (23) and analysis of the nucleotide composition of three trapped intermediate states of the NBD of Mdl1p, a mitochondrial peptide ABC transporter (15) , also indicated a stoichiometry of two nucleotides per dimer. These data have led to the processive clamp model for ATP hydrolysis in which two nucleotides are bound to the NBD which are hydrolyzed in a processive manner (15) . Since in this study we also find a stoichiometry of two nucleotides per dimer, we will here discuss the thermodynamics of ATP hydrolysis based on this processive clamp model. Our data show that the first step in the ATP hydrolysis cycle, ATP binding, is an energetically favorable step, which is driven by a negative ∆H and opposed by a positive -T∆S. The second step, dimerization of ATP-bound NBD, is in the E166A GlcV also an energetically favorable process, which is driven at low temperatures by enthalpy and at higher temperatures by entropy. We propose that the dimerization in wt GlcV behaves like the dimerization of E166A GlcV. The ∆G of ATP hydrolysis was determined to be in the range of -7 to -9 kcal/mol. ATP hydrolysis is a favorable step, driven by both a negative ∆H and -T∆S. Since no stable dimers of the NBDs of ABC transporters are formed in the presence of ADP (20, (41) (42) (43) and the ADP-bound dimers could be isolated only when the system was stabilized by BeF x trapping (15), dissociation of the NBD dimer after hydrolysis of both ATP molecules most likely also is an energetically favorable step. This result fits well with the recently determined crystal structure of ADP-Mg 2+ -bound MalK, the closest homologue of GlcV, where the dimer in the posthydrolytic state is reset to the open state (11) . Whether dissociation of the ATP/ADP-bound state is favorable may depend on the NBD that is studied. Therefore, only the final step in the cycle, dissociation of ADP from the NBD, is an energetically unfavorable process. The energy requirement of this step is, however, compensated by the more favorable binding of ATP in a next round, and the higher ATP concentration in the cell. Here we have determined the thermodynamics of different steps of the ATP hydrolysis cycle of an isolated NBD. Future studies should determine the thermodynamics with the full-length transporter, in an effort to assess whether the interaction between the NBDs and MSDs influences the thermodynamic pathway. Although the determination of this pathway in full-length proteins will be a challenging task, it will provide detailed insight into the mechanism of energy conversion in ABC transporters and how this is coupled to the movement of the transported substrate.
